INTRODUCTION
Expansion of a CAG/glutamine repeat has been found to cause eight inherited neurodegenerative diseases, including Huntington's disease (HD) (1) (2) (3) (4) (5) (6) (7) (8) (9) . The number of glutamine repeats in huntingtin is 10-34 in normal individuals and ≥36 in HD patients (1) . Most HD cases are adult patients with repeat lengths of 36-55 units and those patients usually have choreic movements, dementia and other psychiatric problems. Some rare cases are the juvenile form of the disease that progresses more rapidly and has a different phenotype characterized by rigidity of movement. Juvenile patients often carry expanded repeats with >60 units (10) . There is a good inverse correlation between CAG repeat length and age at onset of neurological symptoms in juvenile patients (11) (12) (13) . Therefore, large polyglutamine expansions may confer new properties on huntingtin and these properties may contribute to the neuropathology of HD.
Huntingtin mutation is thought to act by a gain of function mechanism. One of the hypotheses is that polyglutamine may cause huntingtin to aggregate by forming pleated sheets of β-strands (14) . Consistent with this idea, expanded glutamine repeats (>60 units) have been found to induce intranuclear aggregation of the N-terminus of huntingtin in the brains of transgenic mice (15) and in HD patients (16) . Aggregation of the N-terminus of huntingtin is well correlated with the progress of neurological dysfunction occurring in transgenic mice (15) , suggesting that huntingtin aggregation is involved in the pathology of HD. Since most HD patients have repeats <60 units and since a recent study shows that knock-in mice carrying a 50 glutamine repeat did not develop any abnormalities (17) , it will be interesting to investigate the relationship between length of the glutamine repeat and huntingtin aggregation. Because polyglutamine protein aggregation in vivo is mirrored by its aggregation in vitro (18) (19) (20) , we examined the effect of length of the glutamine repeat on aggregation of huntingtin in cultured cells. The present study demonstrates that the N-terminal domain of huntingtin forms aggregates when the repeat is >66 units. Repeats of <49 units do not induce protein aggregation. N-terminal fragments of huntingtin produced by proteolysis have been observed in vivo (16, 21) . Our study suggests that aggregation of mutant huntingtin can occur with its different N-terminal fragments and that aggregation is significantly prompted by large repeats (>66 units).
RESULTS
To determine the relationship between huntingtin aggregation and length of the glutamine repeat we transfected HEK 293 cells with hemagglutinin (HA) tagged proteins containing the first 212 amino acids of human huntingtin with various sizes of glutamine repeat (23Q-, 44Q-, 49Q-, 66Q-, 73Q-, 120Q-and 150Q-HA) (Fig. 1a) . On the corresponding western blot probed with anti-huntingtin antibody each sample shows a huntingtin-immunoreactive band of the expected monomeric size (Fig. 1b) . Additional high molecular weight bands at the top of the gel are seen in samples containing 73Q-HA, 120Q-HA and 150Q-HA. These bands are absent in those samples with repeat lengths of 23, 44 or 49 units (Fig. 1b) and in the sample with a repeat length of 66 units (data not shown). The protein product of the first exon of the HD gene encoding 150 glutamine repeats and 67 amino acids of human huntingtin (150Q-Exon1) also produced these high molecular weight bands (Fig. 1b) . Scherzinger et al. showed that these high molecular weight bands are insoluble protein aggregates formed by proteolytic products of exon 1 containing expanded polyglutamines (18) . Because we also observe these *To whom correspondence should be addressed. Tel: + 1 404 727 3290; Fax: +1 404 727 3949; Email: xiaoli@genetics.emory.edu aggregates on a western blot probed with anti-HA antibody (12CA5) that detected the HA epitope in the C-terminus of the transfected proteins, we know that the entire first 212 amino acids of huntingtin were included in the aggregates (Fig. 1b) . 150Q-Exon1 that lacks the HA epitope was not labeled by 12CA5. Quantitative assessment of the amounts of these aggregates revealed that 58% of 150Q-HA, 25% of 120Q-HA and 12% of 73Q-HA respectively formed aggregates (Fig. 1c) . Only 22% of 150Q-Exon1 formed aggregates. These results suggest that the length of the repeat and its flanking sequences within the first 212 amino acids can promote formation of protein aggregates.
Protein aggregation occurred only with N-terminal huntingtin. Expanded full-length huntingtin with either 44 or 150 glutamine repeats did not show any aggregates on a western blot (Fig. 2a) . Furthermore, autoradiography did not reveal any protein aggregates formed by in vitro translated N-terminal huntingtin containing 120 or 150 glutamine repeats (Fig. 2b) . Formation of N-terminal huntingtin aggregates may require intracellular modification or the presence of other protein(s). As the concentration of in vitro translated proteins might be lower than that of transfected proteins in cultured cells, the concentration of synthesized huntingtin could also affect the formation of huntingtin aggregates in vitro. The aggregates of another glutamine repeat protein, ataxin-3, were found to form spherical structures in the intranuclear and perinuclear region in HEK 293 cells (20) . Similarly, we observed that cells expressing N-terminal huntingtin containing >66 glutamine repeats displayed ovoid or spherical structures. These structures were 0.5-2 µm in diameter, occurred at a rate of 1-2 per cell and were intensely labeled by anti-huntingtin antibody (Fig. 3a) . Full-length huntingtin with expanded repeats (44 or 150) or N-terminal huntingtin with 49 repeats or less did not produce these spherical structures. The surface of these structures were more intensely labeled by the anti-huntingtin antibody than the internal region, perhaps because the antibody had difficulty penetrating the structures. We also expressed huntingtin in PC12 cells, a rat neuroendocrine cell line. 73Q-HA or 150Q-HA (data not shown), but not 49Q-HA, formed huntingtin aggregates in PC12 cells as well (Fig. 3b) .
Most spherical aggregates were located in the perinuclear or cytoplasmic regions of transfected cells and a few aggregates of smaller size were located in the nucleus. In addition, some cells with spherical aggregates also had distinct punctate structures in the cytoplasm. Quantitative assessment showed that 61% of cells transfected with 150Q-HA displayed spherical aggregates in the perinuclear region, while 46, 15, 4 and 38% of cells transfected with 120Q-HA, 73Q-HA, 66Q-HA and 150Q-Exon1 respectively had these aggregates (Fig. 3c) . Although we did not observe aggregates in the 66Q-HA sample on the western blot, we found that ∼4% of cells transfected with 66Q-HA had spherical structures. Therefore, the likelihood that a cell will form intracellular huntingtin aggregates is proportional to the length of the glutamine repeat.
In addition to the aggregates seen in the perinuclear region, some transfected cells had aggregates in the nucleus itself. Cells having these intranuclear aggregates were <7% of transfected cells, but cells expressing 150Q-HA produced more such aggregates than those expressing 120Q-HA or 150Q-Exon1 (Fig. 3c) . Other studies have found that intranuclear huntingtin aggregates in the brain were ubiquitinated (15, 16) . We found that anti-ubiquitin antibody did not label huntingtin aggregates in transfected cells (data not shown). Differences between protein modification in transfected cells and in the brain may account for this difference.
We wanted to verify that the entire first 212 amino acids of huntingtin were present in the spherical structures. Consistent with the western blot results, the spherical structures in the cells were labeled identically by both the anti-HA and anti-huntingtin antibodies (Fig. 4) . Also, despite the fact that 150Q-Exon1 lacks the HA epitope and 145 amino acids found in 150Q-HA, both mutated proteins induced nearly identical aggregates in the cells.
DISCUSSION
These results support the hypothesis that expanded glutamine repeats may homodimerize (14) or heterodimerize (22) to produce poorly soluble protein aggregates. Since full-length huntingtin with the expanded repeat did not induce aggregates, our results substantiate the finding that short proteolytic products containing an expanded glutamine repeat can form aggregates (18) . However, we observed that huntingtin which contains the first 212 amino acids of the N-terminus can also form protein aggregates. Goldberg et al. found that an N-terminal 80 kDa huntingtin fragment is cleaved from full-length huntingtin by apopain, a cysteine protease (21) . Thus it is possible that natural proteolysis in the cells of HD patients may allow mutated huntingtin to form in vivo the aggregates which we and others have documented in vitro. Since longer huntingtin fragments interact with other cellular proteins or molecules (23) (24) (25) (26) (27) (28) , it will be interesting to determine how many more amino acids of huntingtin can be included in the protein aggregates and to see whether aggregates interact with other proteins or cellular components.
Transient expression of mutated N-terminal huntingtin produced numerous cytoplasmic protein aggregates and some intranuclear aggregates. This observation favors the idea that the intranuclear aggregates or inclusions seen in transgenic mice and HD patients represent a process and/or final consequence induced by the mutation in huntingtin. The most interesting finding in the present study is that formation of the protein aggregates is induced by glutamine repeats ≥66 units but not by repeats ≤49 units in transient transfected cells. Huntingtin aggregate formation induced by intermediate repeats between 43 and 49 glutamines may be time dependent or involve other cellular factors. This is because intranuclear huntingtin aggregates were often seen in juvenile patients with 65 glutamine repeats whereas extracellular huntingtin aggregates were mainly found in adult patients with 42 glutamine repeats (16) . Nevertheless, our study shows that aggregation of N-terminal huntingtin is significantly correlated with repeat length >66 units. Since different N-terminal huntingtin fragments (amino acids 1-67 and 1-212) form intracellular aggregates when the glutamine repeat is expanded, our study also suggests that various N-terminal fragments of mutant huntingtin may be involved in huntingtin aggregates in brain.
MATERIALS AND METHODS

Expression constructs and transfection
The expression vector pCIS containing either full-length or the N-terminus of huntingtin was used for transfection of human embryonic (HEK) 293 cells or PC12 cells. The human huntingtin cDNA containing 150 CAG repeats was isolated from a λ phage DNA which contains the first exon of an expanded huntingtin and was provided by Dr Gillian Bates (29) . This cDNA fragment was digested with NcoI and Sau961 and the released fragment encoding the glutamine repeat was used to substitute for the normal repeat region in pCIS-huntingtin constructs (23) . An HA epitope was tagged to the C-terminus of the expressed protein.
The plasmid construct was then propagated in bacteria XL-1 blue MRF′. Due to instability of the CAG repeat in bacteria we were able to produce constructs containing 49, 66, 73, 120 and 150 CAG/glutamine repeats. CAG repeats <90 in these constructs were determined by DNA sequencing using antisense primer GHD3′-1 (aaactcacggtcggtgcagcggctcctcag). The size of the CAG repeat in λ phage DNA was determined previously (29) . The size of the CAG repeats within the plasmid clones (HD-120Q and HD-150Q) was determined by double digestion with NcoI and DdeI and [ 32 P]dCTP end-labeling of one strand at the NcoI site. Labeled fragments were separated on a 6% denaturing polyacrylamide gel and sized against an M13 sequencing ladder and the HD-73Q fragment. The N-terminal region of huntingtin containing 150 glutamine repeats was also used to replace the corresponding repeat region in full-length human huntingtin using BamHI and XhoI sites. Huntingtin constructs containing 23 or 44 glutamine repeats were obtained previously (23) . Subconfluent 293 or PC12 cells grown in 2-well chamber slides (Nalge Nunc) were transfected with huntingtin cDNAs using LipofectAMINE (Gibco BRL). Twenty-four hours after transfection the cells were used for western blot and immunofluorescence analysis.
Antibodies and western blot analysis
A truncated human huntingtin cDNA that encodes the first 256 amino acids with two glutamines in the repeat was obtained by RT-PCR. This cDNA was inserted into the pGEX vector to generate a GST fusion protein. The GST fusion protein purified from bacteria BL21 was used as the immunogen for Covance Inc. to produce rabbit antiserum. The antiserum (EM48) was affinity purified by incubating with a nitrocellulose strip containing transferred GSThuntingtin. Antibodies bound to the strip were then eluted with 0.2 mM Tris-glycine, pH 2.8, and neutralized with 1 M Tris-HCl, pH 8. Transfected cells were solubilized in SDS sample buffer. Equal amounts of lysate proteins (70 µg) were resolved by 8 or 5% SDS-PAGE. Blots were incubated with rabbit antibodies to huntingtin (1:500) or mouse monoclonal antibody 12CA5 (1:400 dilution; Boehringer Mannheim) to the HA epitope. Immunoreactive bands were visualized by chemiluminescence (Amersham). Pre-absorption of the antibody with immunogen was able to eliminate immunoreactivity.
Immunofluorescence labeling
Transfected cells were fixed in 4% paraformaldehyde in phosphatebuffered saline (PBS), permeabilized with 0.4% Triton X-100, blocked with 5% normal goat serum in PBS and then incubated with primary antibodies and secondary antibodies conjugated with either FITC or rhodamine (Jackson Immunoresearch Laboratories). Huntingtin aggregates were readily recognized as large spherical structures (0.5-2 µm) intensely labeled by anti-huntingtin antibodies. Double labeling was performed with mouse antibody 12CA5 to HA-tagged proteins and the respective rabbit antibodies to huntingtin or ubiquitin (Dako). On average 80-150 cells transfected with huntingtin were randomly selected per experimental sample to count the spherical aggregates in the cells. A fluorescence microscope (Zeiss) and video system (Optronics DEI-470) were used to capture images. The captured images were stored and processed using Adobe Photoshop v.2.51 software. Color images were converted into black and white versions that were then printed on a Codonics color printer.
